The Archaea (archaebacteria) constitute a group of prokaryotes that are phylogenetically distinct from Eucarya (eukaryotes) and Bacteria (eubacteria). Although Archaea possess only one RNA polymerase, evidence suggests that their transcriptional apparatus is similar to that of Eucarya. For example, Archaea contain a homolog of the TATA-binding protein which interacts with the TATA-box like A-box sequence upstream of many archaeal genes. Here, we report the cloning of a Sulfolobus shibatae gene that encodes a protein (transcription factor TFB) with striking homology to the eukaryotic basal transcription factor TFIIB. We show by primer extension analysis that transcription of the S. shibatae TFB gene initiates 27 bp downstream from a consensus A-box element. Significantly, S. shibatae TFB contains an N-terminal putative metal-binding region and two imperfect direct repeats-structural features that are well conserved in eukaryotic TFIIBs. This suggests that TFB may perform analogous functions in Archaea and Eucarya. Consistent with this, we demonstrate that S. shibatae TFB promotes the binding of S. shibatae TBP to the A-box element of the Sulfolobus 16S/23S rRNA gene. Finally, we show that S. shibatae TFB is significantly more related to TFB of the archaeon Pyrococcus woesei than it is to eukaryotic TFIIBs. These data suggest that TFB arose in the common archaeal/eukaryotic ancestor and that the lineages leading to P. woesei and S. shibatae separated after the divergence of the archaeal and eukaryotic lines of descent.
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Archaea (formerly archaebacteria) constitute a heterogeneous group of prokaryotes, many of which thrive under extremes of pH, salinity, and/or temperature (1) (2) (3) . Although Archaea resemble eubacteria in morphology, 16S rRNA sequence analyses by Woese and colleagues in the late 1970s established that they are at least as diverged evolutionarily from eubacteria as they are from eukaryotes (4) . Subsequent sequence comparisons of other molecules have reinforced this conclusion and have led to the proposal that life on earth is divided into three distinct and equivalent primary domains: Eucarya, Bacteria, and Archaea (5) .
The molecular organization of Archaea appears to resemble that of eukaryotic cells in many ways. Of the similarities noted so far, perhaps the most striking are at the level of transcription. For example, approximately 27 bp upstream from the transcription initiation site of most archaeal genes is an A-box motif (consensus TTTAWA; where W = A or T) that plays an important role in specifying efficient and accurate transcription initiation (6, 7) . Archaeal A boxes therefore closely resemble TATA boxes of eukaryotic RNA polymerase II promoters in both sequence and function. Furthermore, as in eukaryotes, transcription from archaeal promoters depends on factors that are readily separated from the core RNA polymerase (8) (9) (10) . Most significantly perhaps, the TATA-binding
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. protein (TBP), which is an essential component of the eukaryotic RNA polymerase I, II, and III transcription systems (11) , has been found recently in Pyrococcus woesei, Thermococcus celer, and Sulfolobus shibatae (12) (13) (14) . In addition, a P. woesei protein has been identified that bears strong homology to eukaryotic basal transcription factors TFIIB and BRF (15, 16) , which recruit RNA polymerases II and III, respectively, to appropriate transcriptional promoters (17) (18) (19) (20) .
Evolutionary comparisons indicate that Archaea are separated into two highly divergent kingdoms: the Crenarchaeota, comprising sulfur-metabolizing thermophiles such as Sulfolobus, and the Euryarchaeota, which includes the methanogens and hyperthermophiles such as T. celer and P. woesei (5) . Most studies suggest that the Archaea are monophyletic-that is, the Crenarchaeota and Euryarchaeota are more closely related to one another than they are to either Eucarya or Bacteria. However, some analyses suggest that the two archaeal kingdoms are not specifically related, and that Eucarya might be more related to the Crenarchaeota than the Euryarchaeota are (21, 22) . In light of this controversy, it would be informative to determine whether TBP and transcription factor TFB exist in Crenarchaeota and, if so, to investigate their relationships to homologs in the other systems. Here, we report the cloning of a gene encoding S. shibatae TFB,t and we show that this protein contains all the structural features that are conserved in eukaryotic TFIIBs. In addition to studying the functional properties of S. shibatae TFB, we use the sequence of this factor to investigate the phylogenetic relationships between S. shibatae, Eucarya, and other Archaea.
MATERIALS AND METHODS
Expression of Proteins and Preparation of Antisera. P. woesei TFB was synthesized in Escherichia coli using expression vector pQE30 (Qiagen) and purified on a Ni-NTA matrix (Qiagen) according to the manufacturer's instructions. Antiserum was generated by injecting 100 gg into a rabbit at monthly intervals. For expression of S. shibatae TFB, the open reading frame (ORF) was inserted into pGEX-2TKP and the resulting protein was purified on glutathione-agarose beads (Pharmacia) as previously (20) . S. shibatae TBP was expressed and purified as described elsewhere (14) .
Bacterial Growth and Preparation of Genomic DNA. S. shibatae and Sulfolobus solfataricus were grown as described elsewhere (14) . To prepare genomic DNA, cells were resuspended in TE (10 mM Tris-HCl, pH 8.0/1 mM EDTA) containing 0.5% SDS, and proteinase K (Sigma) was added to 1 mg/ml. After (24, 25) . Sequence alignments were with the GCG package, using the BESTFIT, PILEUP, and LINEUP programs (26) , and with CLUSTALW (1.4) (27) . Phylogenetic comparisons were conducted by using CLUST-ALW and the PROTDIST (Fig. 2) that is approximately 30 bp upstream of the predicted S. shibatae TFB translation initiation codon and 27 bp downstream of a TATA-like A-box element (Fig. 1) . Since the S. shibatae TFB promoter conforms well to the archaeal promoter consensus, this A-box motif is likely to play an important role in transcriptional initiation. As transcription termination sites in S. shibatae genes generally map to thymine-rich regions (30), we speculate that transcription will terminate at the (Fig. 1) .
Functional Properties of S. shibatae TFB. In eukaryotes, TFIIB promotes the binding of TBP to promoter sequences (17) (18) (19) . To determine whether S. shibatae TFB functions analogously, we expressed it in E. coli fused to glutathione S-transferase (GST). After purification to homogeneity, this polypeptide was employed in EMSAs together with purified recombinant S. shibatae TBP and an oligonucleotide probe corresponding to the S. shibatae 16/23S rRNA promoter. Consistent with previous observations (12) , TBP alone binds poorly to the A box, and a TBP-DNA complex is not observed unless a large amount of TBP is used (Fig. 3) . Addition of the S. shibatae GST-TFB fusion protein, however, stimulates binding of TBP to DNA dramatically and results in the appearance of a ternary complex containing TFB, TBP, and DNA. Im As with other "B factors," Sulfolobus TFB contains a putative metal-binding region towards its N terminus. However, whereas the four putative metal-coordinating residues are always Cys or His in other B factors characterized (asterisks in Fig. 4A Another conserved feature of eukaryotic B factors is a region containing two imperfect direct repeats of approximately 75 amino acid residues. This feature is also present in S. shibatae TFB. Interestingly, the similarity between the two repeats of S. shibatae TFB is greater than the similarity between the two repeats of individual TFIIBs or BRFs. Moreover, inspection of the S. shibatae sequence reveals that the repeats extend further than has been noted previously from analyzing the eukaryotic factors, and they continue to the extreme C terminus of the protein (Fig. 4A ). For this extended repeat unit, the fraction of identical residues between the repeats of human TFIIB, Saccharomyces cerevisiae BRF, P. woesei TFB, and S. shibatae TFB are 21.5%, 15.2%, 27.6%, and 39.1%, respectively. One interpretation for this is that a duplication event generating S. shibatae TFB occurred independently of and subsequent to the event(s) generating the other factors. However, sequence comparisons based on the individual direct repeats suggest strongly that a single duplication event took place in the common archaeal/eukaryal ancestor and imply that the rate of repeat sequence divergence has been less rapid in S. shibatae TFBs than in the other factors.
Numerical values for the degree of homology between various B factors are presented in Table 1 . S shibatae TFB is clearly more related to P. woesei TFB (51.7% identity) than to eukaryotic TFIIBs (around 30% identity) and BRFs (average 22% identity).
To assess more precisely the relationship between the various B factors, the aligned sequences were used to construct a phylogenetic tree (Fig. 4B) . Importantly, in spite of the great divergence between S. shibatae and P. woesei TFBs, these factors are clearly more related to one another than either is to the B factors of eukaryotes. An attempt to root the tree was made on the basis of the assumption that the two repeats arose by a duplication event before the Archaea and Eucarya diverged, and this showed that the root, although difficult to place exactly, definitely does not lie 5' (14) . Given that TBP and TFIIB homologs have been identified in both archaeal kingdoms, it seems reasonable to speculate that these molecules will be universal in Archaea. (28) . Abbreviations are as in Fig. 4A .
The homology between TFB and eukaryotic B factors can be divided into three domains. The first corresponds to the N-terminal putative metal-binding region that, in eukaryotic TFIIBs, plays an important role in recruiting RNA polymerase II/transcription factor TFIIF to the transcription complex and may also function in transcriptional activation (17) (18) (19) 32) . The second area of homology is the region of approximately 95 amino acid residues immediately C-terminal to the putative metal finger. Although no specific function for this region has been ascribed, its conservation suggests that it plays an important role in transcription in Archaea and Eucarya. Consistent with this, it has been shown that, in Saccharomyces cerevisiae TFIIB, Glu-62 and Arg-78 within this region play important roles in specifying transcription start site recognition (33) . It is interesting to note that these amino acid residues are present in all eukaryotic TFIIBs as well as in P. woesei and S. shibatae TFB. The third region of homology spans the two direct repeat elements, which, in eukaryotic TFIIBs and BRFs, have been implicated in interacting with TBP, RNA polymerase, and transcriptional activators (17) (18) (19) (20) 32) .
These homologies suggest that S. shibatae TFB functions in an analogous manner to eukaryotic TFIIB and BRF. Indeed, we have shown that, like eukaryotic TFIIB, S. shibatae TFB enters into a ternary complex with TBP and promoter DNA, and it increases the rate of assembly and/or stability of TBP-DNA complexes. Since TFIIB recruits RNA polymerase II, and BRF contacts the 34-kDa subunit of RNA polymerase III (20) , it will be of interest to see whether S. shibatae TFB interacts with the archaeal RNA polymerase. Finally, in light of the fact that TFIIB interacts with certain upstream activators, it is tempting to speculate that similar molecules might exist in Archaea. The availability of an S. shibatae in vitro transcription system should prove very useful in identifying additional components of the archaeal transcriptional apparatus, as well as characterizing TFB, TBP, and RNA polymerase. These studies should provide a framework for understanding gene regulation in Archaea and will also yield important insights into the evolution and molecular mechanisms of transcription in eukaryotes. 
